The cerebellum is organized in sagittal zones of Purkinje cells that are innervated by climbing fibres from a specific olivary subnucleus (Groenewegen, Voogd & Freedman, 1979; Oscarsson, 1979) and that innervate specific parts of the cerebellar and vestibular nuclei (Voogd & Bigare, 1980) . This sagittal organization also holds true for the part of the cerebellum that is involved in compensatory eye movements, i.e. the flocculus and the nodulus (De Zeeuw, Wylie, DiGiorgi & Simpson, 1994) . The Purkinje cells in most zones of these regions modulate optimally to optokinetic stimulation about a specific axis in space (De Zeeuw et al. 1994) . Electrical stimulation in the white matter of each of these zones evokes eye movements about the same axes (Van der Steen, Simpson & Tan, 1991) . These axes have a geometry similar to that of the best response axes of the semicircular canals and to the axes about which the three pairs of extraocular muscles rotate the eye  Simpson, Graf & Leonard, 1981) .
The part of the cerebellum that is strongly involved in saccadic eye movements consists of lobules VI c and VII and has been named the oculomotor vermis . Electrical stimulation of this area can evoke saccadic eye movements in rabbit (Hoshino, 1921) , cat (Cohen, Goto, Shanzer & Weiss, 1965) and monkey (Ron & Robinson, 1973; . The mossy fibres and Purkinje cells in the monkey oculomotor vermis modulate in relation to spontaneous saccades (Llinas & Wolfe, 1977; Kase, Miller & Noda, 1980) . Many of these fibres and cells can be direction selective. However, in contrast to the vestibulocerebellum, it has not been elucidated for the oculomotor vermis whether the Purkinje cells with a specific direction selectivity are located in specific sagittal zones. To find out whether the oculomotor vermis also shows this sagittal organization we mapped the effects of microstimulation in this area of the rabbit. Some of the results have been published in abstract form (Godschalk, Van der Burg & Van Duin, 1992) .
METHODS

Subjects
The experiments were performed on six Dutch Belted rabbits (4 males and 2 females), weighing 1-9-2 5 kg. The animals were operated on under aseptic conditions and under general anaesthesia. After induction of anaesthesia by 05 ml Hypnorm (fentanyl/fluanisone) I.M. followed by 1% halothane and 65% N2O, the animal was intubated and anaesthesia was maintained with 05% halothane. During surgery, which lasted 4-6 h, depth of anaesthesia was monitored continuously. Whenever muscle reflexes were observed, halothane inhalation was raised temporarily to 1f0%.
Scleral search coils consisting of five turns of Bioflex wire (type AS632, Cooner Wire Company, Chatsworth, CA, USA)
were implanted under the conjunctiva of both eyes according to the method described by Collewijn (1977) . Both ends of the wire were tunnelled subcutaneously to the vertex and were soldered to an implant consisting of a connector socket and a head restraint device. Two stainless-steel bone screws used for fixation of the implant were also connected to the socket and This manuscript was accepted as a Short Paper for rapid publication. ALS 3342, (Mitz, Reed & Humphrey, 1984) Collewijn, 1977 After completion of the recording sessions, the animals were deeply anaesthetized with pentobarbitone and perfused transcardially with a buffered saline solution, followed by a fixative containing paraformaldehyde (2 5%), glutaraldehyde (125%) and sucrose (5%) in 0 05 M phosphate buffer. The brain was removed from the skull and the cerebellum and metencephalon were embedded in gelatin. Frozen sections (40 #tm) were cut transversally on a microtome and every fourth section was stained with Cresyl Violet. To identify the penetrated lobules a mid-sagittal section was reconstructed from drawings of sections through the cerebellum. In addition, we reconstructed electrode penetration tracks based upon marking lesions and notes taken during the recordings.
RESULTS
Characteristics of eye movements
In the six animals, a total of 225 penetrations were made ( (Table 1 ). The lowest current that elicited saccades was 4 ,uA. As revealed by the recordings and concomitant analysis of the lesions, the saccade sites with the lowest thresholds were located predominantly in the granular layer and the white matter. The threshold levels were not significantly influenced by the duration of the pulse train, but they appeared to be increased when the alertness of the animal diminished.
The latency of elicited saccades to the start of the stimulation train ranged from 34 to 525 ms (mean + S.D., A 153 2 + 996 ims). This large variability existed not only between sites, but also between saccades elicited at the same site with different currents, and even between consecutive saccades elicited at the same site with the same current (Fig. 1) . Also, no relation could be observed between the latency and the amplitude of the saccade.
The amplitude of the elicited saccades was generally related to the initial position of the eyes at the start of the stimulus (Fig. 1) . When the distance between the initial eye position and the expected final eye position (as observed after previous stimulations at the same site) was small, the amplitude of the elicited saccade was also small or absent. This had the effect, in many cases, that no saccade could be elicited with currents above threshold, when the initial eye position was close to the end-point of a previous saccade (Fig. 1) . When the initial eye position was distant from the expected final eye position, the saccade amplitude generally increased with increasing stimulus current. We did not observe a statistically significant increase in amplitude when we increased the pulse frequency from 330 to 600 pulses s'. In most saccades the amplitude of the eye moving to the temporal direction was larger than that of the other eye (mean difference, 21%; nasal direction taken as 100%). From a selection of 144 stimulations only 16 elicited a higher amplitude in the eye moving to the nasal direction. Consecutive stimulations of a single saccade site could cause opposite effects in this respect.
Topography of saccade sites
Histological analysis of the penetration tracks and the lesions in the brains showed that saccades were elicited in lobules VIa, b and c as well as in lobule VII of the vermis (Fig. 2) . No saccades were evoked following stimulation in lobules V or VIII. All saccade sites were within a distance of 3f6 mm from the mid-line. More lateral penetrations (up to 4 4 mm laterally) yielded no saccades.
Of the 151 sites that yielded saccades at a threshold (50 1sA, 84 showed conjugate saccades to the right and 67 to the left. Saccades in either direction occurred on both sides of the mid-line. However, the vast majority of the sites yielding ipsilaterally directed saccades (i.e. leftward saccades on the left side of the vermis and vice versa) were closer to the mid-line than contralaterally directed saccades ( Figs 2C and 3) . The average laterality of ipsilaterally directed saccade sites on the left side was 0 8 mm (n = 46) and on the right side 1 0 mm (n = 54). For contralaterally directed saccades, these values were 2-0 mm (n = 30) on the left side and 241 mm (n = 21) on the right side. Although some overlap occurred between these groups, an overall pattern emerges of two rostrocaudal From each animal a top view was made of the area explored (as in Fig. 2C) , showing for each penetration the direction of the elicited saccades. Open triangles represent sites yielding saccades to the left, and filled triangles represent saccades to the right. Circles represent penetrations in which no eye movements could be elicited with currents <60 puA. When superimposing the individual drawings they were aligned on the mid-sagittal line (represented by the dashed line). zones of saccade sites on either side of the mid-line: a medial zone with ipsilaterally directed saccades and a lateral zone with contralaterally directed saccades (Fig. 3) . We observed no significant differences in latencies, thresholds or amplitudes between the eye movements evoked in the medial and lateral zones.
DISCUSSION
The present study demonstrates (1) that conjugate saccadic eye movements can be elicited by electrical microstimulation in lobules VIa, b and c and VII of the vermis of the rabbit, (2) that these saccades occur exclusively in the horizontal plane, and (3) that the saccade sites in the rabbit oculomotor vermis are topographically organized in sagittal zones dependent on the direction of the eye movements.
Hoshino was one of the first to demonstrate horizontal saccadic eye movements evoked by electrical stimulation in the rabbit vermis (Hoshino, 1921) ; as in the present study, no vertical eye movements were observed. In monkey and cat, electrical microstimulation of lobules VI c and VII in the vermis can also evoke saccadic eye movements (Cohen et al. 1965; Ron & Robinson, 1973; McElligott & Keller, 1984; . The major differences with the present study are (1) that they were able to elicit vertically or diagonally directed eye movements, and (2) that they did not observe a lateral zone involved in contralaterally directed saccades. These differences are probably not due to different stimulation parameters. For example, our average threshold current (26 ,uA for all saccade sites with currents (50 ,uA) was well within the range of stimulations used by Noda and Fujikado (Fujikado & Noda, 1987; . Moreover, most of the correlations between different stimulation parameters and different characteristics of the eye responses were very 151 similar to those in the studies in monkey (see also Ron & Robinson, 1973) ; it was observed that an increasing stimulus current increased the saccade amplitude while the length of the pulse train did not substantially influence the amplitude or the direction and latency of the saccades. On the other hand, it should be noted (1) that the latencies in cat and monkey were generally shorter than in the rabbit and (2) that we, in contrast to the findings by , did not observe a statistically significant change in the saccade amplitude when the pulse frequency changed. This latter correlation may have been blurred by the large variety of saccadic amplitudes in our experiments. Since the amplitude largely depends on the starting point of the saccade, this variety was much larger in our experiments than in the experiments by in which the monkeys were trained to start each saccade at a fixation point. Nonetheless, these differences cannot explain the major discrepancies between the studies in cat and monkey and the present study in rabbit.
It is unlikely that the presently discovered lateral zone with contralaterally directed saccades is artificial, because the average threshold, latency and amplitude of evoked eye movements in the lateral zone were not significantly different from the ones in the medial zone. In addition, it seems unlikely that the discrepancy is due to the fact that the lateral parts of the vermis in cat and monkey have not been sufficiently explored; most of these studies mention stimulation sites beyond a laterality of 2 mm (Ron & Robinson, 1973; McElligott & Keller, 1984; . Taken together, the species differences elude us. Maybe the discrepancy is related to the different overall organization of the oculomotor system in frontal-eyed vs. lateral-eyed animals. In this respect, it should be noted that the vestibulocerebellum, which is involved in the optokinetic and vestibulo-ocular reflex, is organized very similarly in the rabbit, the cat and the monkey; all three species have separate zones for the horizontal and vertical components of these eye movements (monkey: Balaban, Ito & Watanabe, 1981; cat: Sato, Kanda & Kawasaki, 1988; rabbit: De Zeeuw et al. 1994) .
Another possibility is that the oculomotor vermis of the cat and the monkey is in fact more organized in different functional sagittal zones than anticipated. Several findings in the monkey studies ) support this. First, when the stimulation track in the monkey vermis is systematically shifted from the medial to the lateral side, the horizontal component of the saccade increases while the vertical component decreases.
Second, the horizontal and vertical components of these saccades may be generated in separate compartments because they show different onset latencies, durations and peak-velocity latencies. Third, the simple spike activity of direction-selective Purkinje cells modulates in relation to either horizontal or vertical saccades, but rarely to both (Kase et al. 1980 ). Future studies, combining different physiological and anatomical techniques, will be required to determine whether the physiologically identified zones in the rabbit correspond to the anatomical zones as defined by Voogd et al. (Groenewegen et al. 1979; Voogd & Bigare, 1980) and to what extent the oculomotor vermis of the monkey and the cat can also be divided into such sagittal compartments.
